Pyruvate carboxylase (PC 1 , EC 6.4.1.1), a multifunctional biotindependent enzyme, is physiologically important in the metabolic pathway for glucose production and has an anaplerotic role in replenishing oxaloacetate in the TCA cycle.
1 Pyruvate carboxylation is a multi-step reaction that occurs at two spatially distinct active sites (Scheme 1). 2 In the first partial reaction, a bicarbonate-dependent ATP cleavage is coupled to the carboxylation of the covalently attached biotin prosthetic group in the biotin carboxylase (BC) domain through the formation of a putative carboxyphosphate intermediate. 3 Carboxybiotin then moves to the carboxyl transferase (CT) domain where the carboxyl group is transferred from biotin to pyruvate, forming oxaloacetate, and a proton is transferred from pyruvate to biotin. The recent crystal structure of the PC holoenzyme from Rhizobium etli (RePC) and mutagenic studies demonstrated that the movement of carboxybiotin occurs between the BC and CT domains from opposing polypeptide chains and is partially mediated by conformational changes in the enzymic tetramer induced by the binding of the allosteric effector, acetyl-CoA. 4 Scheme 1. Partial reactions of the biotin carboxylase (1) and carboxyl transferase (2) domains for the overall reaction catalyzed by pyruvate carboxylase.
Several different mechanisms have been proposed for the carboxyl transfer. 5 Kinetic isotope effect studies 6, 7 and pH profiles 8 of the forward and reverse reactions occurring in the CT domain are most consistent with a stepwise mechanism where biotin decarboxylation, proton transfer, and pyruvate carboxylation occur through the formation of distinct biotin enolate and enolpyruvate intermediates. 9 Concentrated efforts have been made to identify catalytic residues responsible for facilitating the carboxyl transfer based on sequence conservation among PCs from various sources and the homologous 5S subunit of transcarboxylase 10 in an attempt to detail individual reaction steps in the mechanism. Unfortunately, the lack of high-resolution crystal structures of the PC holoenzyme has led to a great deal of speculation as to the location and catalytic function of residues previously targeted for mutagenic studies. 11 The determination of crystal structures of PC from human (hPC) and Staphylococcus aureus (SaPC) revealed the relative positioning of ligands and residues in the CT domain active site. 12 This new structural insight, coupled with the structure of the RePC holoenzyme, allowed for a more focused mutagenic study in an attempt to fully elucidate a detailed carboxyl and proton transfer mechanism in the CT domain. The current work entails an extensive examination of the catalytic roles of several previously unexplored residues of the CT domain. The wild-type and mutant forms of RePC were characterized with respect to their catalytic activities for the full and partial reactions of the BC and CT accessed by following the link in the citation at the bottom of the page. domains. Based on the present data, we propose a reaction mechanism for carboxyl transfer in the CT domain involving a crucial threonine residue. In addition, we demonstrate that mutations in the CT domain have a pronounced effect on reaction rates in the BC domain and we offer evidence to suggest the intrinsic communication between the reactions of the two individual domains of PC is specifically mediated through the tethered biotin cofactor.
Materials and Methods

Materials
IPTG, ampicillin and Chloramphenicol were from RPI. All other compounds were from Sigma/Aldrich and were obtained at the highest available purity.
Methods
Overexpression and Purification of Protein E. coli HMS174(DE3) was transformed with the pET-17b (His)9 RePC plasmid 4 for expression of wild-type PC. Mutants were generated by the Quickchange sitedirected mutagenesis protocol (Stratagene, La Jolla, CA) using primers designed to incorporate the selected mutations, Table S1 . Mutagenesis was performed using a 1.2 kb BamHI-NotI fragment of R. etli PC gene 13 cloned in pBluescript (Stratagene) as a template. Mutagenic reactions were performed as previously described. 14 The nucleotide sequences of all mutants were verified by automated sequencing. The BamHI-NotI mutagenic cassettes were then replaced the BamHI-NotI wild-type fragment of the expression clone. 4 Wild-type and mutant forms of R. etli PC were expressed in 40 L batch cultures of LB media (containing 200 µg/mL ampicillin, 30 µg/mL Chloramphenicol and 1 mg/L biotin) which were inoculated with an 1 L overnight culture of E. coli HMS174(DE3) transformed with either the wild-type or mutant forms of the pET-17b (His)9 RePC plasmid and the pCY216 plasmid containing biotin protein ligase (BirA). 15 Large scale fermentations were carried out in a 50 L carboy equipped with an air inlet hose which was connected to the house air line and fitted with a gas diffusion stone to ensure proper aeration and agitation of the media throughout growth and induction. Batch cultures were grown at 37° C to an OD600 = 0.9-1.2. Arabinose (final concentration 20.8 mM) and IPTG (final concentration 1 mM) were added to the carboy, which was then chilled on ice for 20 min prior to transferring to a 16°C water bath for approximately 20-24 h. Cells were harvested, yielding 100-200 g of cell paste. Wild-type and mutant RePC were purified using Ni 2+ -affinity chromatography. 4 The purified recombinant protein, containing the (His)9 N-terminal tag, was concentrated to ∼ 10 mg/mL for kinetic studies, flash frozen in 500 µL aliquots, and stored at −80° C. The enzyme concentration was determined spectrophotometrically using the calculated molar extinction coefficient of 118 000 M −1 cm −1 at 280 nm. Typical yields were ∼5.5 mg/L. Biotinylation levels of the protein were determined using SDS-PAGE analysis after incubation with avidin and were estimated to be greater than 98 % for all enzyme forms, with the exception of the K1119Q mutant which showed no incorporation of biotin.
Enzyme Assays
All enzyme assays used in this study were performed using coupled assay systems which are shown in Table 1 . 
Pyruvate Carboxylation Activity
Pyruvate carboxylation activity was determined by measuring the conversion of oxaloacetate to malate using malate dehydrogenase. 8 All assays were performed at 25°C in a total reaction volume of 1 mL and were initiated with the addition of PC (∼5-500 µg). Specific activities were determined, in triplicate, at saturating conditions of all substrates. Reported errors are standard deviations. The (V/K)pyruvate was determined by varying pyruvate (0.3−4.0 mM) at fixed bicarbonate, ATP, and acetyl-CoA concentrations. Assay conditions, except when pyruvate was the varied substrate, were 100 mM Tricine (pH 7.5), 10 mM pyruvate, 10 mM HCO3 − , 2.5 mM MgATP, 2.5 mM MgCl2, 0.25 mM acetyl-CoA, 0.25 mM NADH and malate dehydrogenase (10 U).
Activities of the Full Reverse Reaction
The decarboxylation activity of oxaloacetate in the absence of oxamate was determined by monitoring the production of ATP using the hexokinase/glucose-6-phosphate dehydrogenase coupled assay system. All assays were performed at 25° C in a reaction volume of 3 mL. Specific activities were determined in triplicate and reactions were initiated with the addition of PC (200-980 µg). Specific activities were determined from reactions containing 100 mM Tricine (pH 7.5), 3.0 mM MgCl2, 3.0 mM MgADP, 2.0 mM phosphate, 0.5 mM oxaloacetate, accessed by following the link in the citation at the bottom of the page. 
Oxamate-induced Decarboxylation of Oxaloacetate
The decarboxylation activity in the presence of oxamate was determined by measuring the reduction of pyruvate to lactate using lactate dehydrogenase. 8 All assays were performed at 25° C in a total volume of 3 mL. Specific activities were determined in triplicate at saturating concentrations of all substrates, and reactions were initiated with the addition of PC (300-900 µg). Reactions contained 100 mM Tricine (pH 7.5), 3 mM MgCl2, 0.5 mM oxaloacetate, 0.5 mM oxamate, 0.25 mM acetyl-CoA, 0.24 mM NADH, and lactate dehydrogenase (10 U).
Phosphorylation of ADP using Carbamoyl Phosphate
The phosphorylating ability of PC was determined by measuring the amount of ATP production using the hexokinase/glucose-6-phosphate dehydrogenase coupled assay. 16 Specific activities were determined from reactions containing 100 mM Tricine (pH 7.5), 20 mM carbamoyl phosphate, 3.0 mM MgCl2, 3.0 mM MgADP, 0.25 mM acetylCoA, 0.24 mM NADP, 0.20 mM glucose, glucose-6-phosphate dehydrogenase (5 U) and hexokinase (1 U).
Bicarbonate-dependent ATPase Activity
Activities for the bicarbonate-dependent ATPase reaction were determined by measuring the amount of inorganic phosphorus (Pi) produced using a glucose-6-phosphate dehydrogenase/phosphoglucomutase/phosphorylase coupled assay system. All assays were performed at 25° C in 3 mL total reaction volumes. Specific activities were determined in triplicate and reactions were initiated by the addition of PC (300-990 µg). Reactions for the determination of the Vmax and specific activities contained 100 mM Tricine (pH 7.5), 10 mM HCO3 − , 2.5 mM MgATP, 2.5 mM MgCl2, 0.33 mM NADP, 0.25 mM acetyl-CoA, 0.2 mM glycogen, 0.20 mM glucose, 5µM α-D-glucose-1-phosphate, glucose-6-phosphate dehydrogenase (10 U), phosphorylase a (5 U), and phosphoglucomutase (10 U). permission has been granted for this version to appear in e-Publications@Marquette. American Chemical Society does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from American Chemical Society.
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Oxamate and pyruvate inhibition were determined by measuring the initial velocities of Pi formation at varying concentrations of oxamate (0-20 mM) or pyruvate (0-20 mM) and fixed, saturating concentrations of the other reaction components. Oxaloacetate formed from pyruvate carboxylation was immediately converted to malate using malate dehydrogenase (15 U).
Data Analysis
Vmax and (V/K) values were determined by fitting velocity versus substrate concentration data to eqn 1 using least-squares nonlinear regression, where A is the substrate concentration. All least-square fits were performed using FORTRAN programs 17 and best-fit lines were plotted using SigmaPlot v. 8.0, unless otherwise indicated.
Substrate inhibition data with oxamate or pyruvate for the bicarbonate-dependent ATPase reactions were fitted to eqn 2, where A is the concentration of pyruvate or oxamate and Ki is the inhibition constant for the substrate.
Partial inhibition data were fitted to eqn 3 where I is the concentration of the inhibitor. 
9
Results
Reactions Involving the Carboxyl Transferase Domain
The activities for pyruvate carboxylation and oxaloacetate decarboxylation, both in the presence and absence of oxamate, were determined for wild-type RePC and several mutant forms of the enzyme, Table 2 and Table 3 . With the exception of Lys1119, all other residues targeted for mutagenic studies were located within the CT domain. Lys1119, which is biotinylated at the ɛ-NH position, is located at the C-terminal end of the BCCP domain of RePC. 4 Mutation of Lys1119 to Gln (K1119Q) generated an intact, tetrameric apoenzyme lacking a covalently attached biotin. The CT domain mutants primarily exhibited a marked decrease in the maximum activity for pyruvate carboxylation and a similar decrease in the V/K values for pyruvate, Table 2 . For wild-type RePC, the Km of pyruvate was determined to be 0.47 ± 0.04 mM. The T882A and K1119Q mutations had a devastating effect on the catalytic activity of reactions involving the CT domain, completely abolishing pyruvate carboxylating activity. The addition of 10 mM free biotin to the K1119Q catalyzed reaction had no effect on the mutant's ability to carboxylate pyruvate.
Correspondingly, the K1119Q and T882A mutants were also completely inactive for oxaloacetate decarboxylation, both in the presence and absence of oxamate. In the absence of oxamate, oxaloacetate decarboxylation has been shown to be coupled to ATP formation in the BC domain. 8 This allows the effect of the CT domain mutations on the full reverse reaction to be determined. The wild-type catalyzed rate was approximately 0.2 % of the forward rate, which was somewhat lower than rates observed with PC from other sources. 8, 19 A significant decrease in the specific activities was observed for all other CT domain mutants, Table 2 .
Since oxamate stimulates the partially rate-limiting decarboxylation of carboxybiotin in the CT domain during oxaloacetate decarboxylation, 6, 8 monitoring oxaloacetate decarboxylation in the presence of oxamate allowed the reverse reaction of the CT domain to be assayed independently from the BC domain reactions, Table 3 . The wild-type enzyme catalyzed reaction occurs at 1.0 % the rate of the pyruvate carboxylation reaction, nearly five-times faster than oxaloacetate decarboxylation coupled to ATP formation. The CT domain mutations appeared to affect the rate of the oxamatestimulated oxaloacetate decarboxylation to a greater extent when compared to the activities of the full reverse reaction. Even a accessed by following the link in the citation at the bottom of the page. 
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conservative Threonine to Serine mutation (T882S) caused a considerable decrease in the observed activity (70 %). It is interesting to note that the T882S mutant consistently showed higher activities than the T882C mutant for reactions involving the CT domain.
Reactions Involving Only the Biotin Carboxylase Domain
A structural analogue of the putative carboxyphosphate intermediate, carbamoyl phosphate, can be used by a variety of biotin dependent carboxylases, including acetyl-CoA carboxylase, 20,21 to phosphorylate MgADP. The specific activities for wild-type and CT domain mutants of RePC were determined for the phosphorylation of ADP using carbamoyl phosphate, Table 4 . The CT domain mutants, with the exception of T882A, all showed a somewhat surprising decrease in their ADP phosphorylating activity. The non-biotinylated mutant, K1119Q, exhibited the least amount of activity while the T882S mutation exhibited only a modest decrease in activity. Remarkably, the T882A mutation increased the activity, as compared to the wild-type enzyme, by 7.5-fold in the absence of biotin and 9.5-fold in the presence of 10 mM free biotin. While the covalently attached biotin is not directly involved in the ADP phosphorylation reaction, 3 the presence of free biotin has a stimulatory effect on the rates of BC domain reactions in PC from other sources.
3,16,18,22 Therefore, the activities of the mutant and wild-type accessed by following the link in the citation at the bottom of the page. 
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forms of RePC were also determined with 10 mM free biotin, Table 4 . With the exception of the K718Q mutant, which showed a slight inhibitory effect, biotin stimulated the activities to varying degrees. Similar to the T882A mutant, the activity of the T882S mutant in the presence of biotin surpassed the wild-type RePC activity. The activity of K1119Q, which was only 1% of the wild-type enzyme activity in the absence of biotin, was almost completely restored to wild-type levels with the addition of 10 mM free biotin.
Previous studies with chicken liver PC indicated that oxamate has a partial inhibitory effect on the ADP phosphorylation reaction and is a noncompetitive inhibitor with respect to carbamoyl phosphate. 16 Specific activities of the RePC catalyzed reactions, using both the CT domain mutants and wild-type, were determined in the presence of 20 mM of oxamate, Table 4 . There was no discernable effect on phosphorylating activity for the K1119Q mutant and a slight inhibition of the activities for all of the Thr882 mutants. Contrary to previous studies, oxamate stimulated the wild-type RePC activity for ADP phosphorylation nearly 2-fold. Table 5 shows the specific activities of wild-type and CT domain mutants for the bicarbonate-dependent ATPase reaction. In order to examine only the first partial reaction of pyruvate carboxylation, specific activities were initially measured in the absence of pyruvate and the enzymatic activity was assayed by determining the amount of Pi formed, thus eliminating any possible effects pyruvate had on the activities. Similar to the ADP phosphorylation reaction, all of the CT domain mutants demonstrated some level of activity, with the series of Thr882 mutants exhibiting a 2-3.5 fold increase in activity as compared to the wild-type enzyme. All other CT domain mutants showed a decrease in their ability to catalyze ATP cleavage. As in the ADP phosphorylation reaction, the addition of 10 mM free biotin promoted the bicarbonate-dependent ATPase reaction in both wildtype and mutant forms of the enzyme, Table 5 , similar to the synergistic effects observed with acetyl-CoA carboxylase. 23 Once again, the addition of biotin virtually restored the activity of the K1119Q mutant to wild-type enzyme levels. From the specific activities, biotin appeared to have a greater stimulatory effect on the ATP cleavage than on the ADP phosphorylation with the wild-type enzyme, Table 4 . accessed by following the link in the citation at the bottom of the page. To determine if oxamate had an effect on the bicarbonatedependent ATPase reaction, specific activities were initially determined in the presence of 20 mM oxamate, Table 5 . There was an appreciable stimulatory effect on the activities for wild-type RePC, as well as for the K718Q and Q884L/S885A mutants. While oxamate had no effect on the rate of the K1119Q catalyzed reaction, a strong inhibitory effect was observed for all three of the Thr882 mutants.
13
Initial rates of Pi formation at varying concentrations of oxamate (0-20 mM) for wild-type, K1119Q (with 10 mM of free biotin) and T882A catalyzed reactions were determined in an attempt to elucidate the origin of oxamate stimulation and inhibition observed for the bicarbonate-dependent ATPase reaction, Figure 1 . At low concentrations, oxamate stimulated the release of Pi in the wild-type catalyzed reaction but eventually exhibited substrate inhibition at high concentrations. The initial rates were fitted to eqn 2, from which an inhibition constant of Ki = 10.1 ± 0.1 mM for oxamate was determined, Table 6 . Even with the apparent inhibition at increasing concentrations of oxamate, the rate of the wild-type catalyzed ATP cleavage was stimulated almost 20-fold. On the other hand, oxamate partially inhibited the bicarbonate-dependent ATPase reaction catalyzed by T882A. The initial rates of Pi formation vs. oxamate concentrations were satisfactorily described by eqn 3, and an oxamate dissociation constant of 1.0 ± 0.2 mM was determined. Interestingly, even in the presence of 10 mM free biotin and concentrations of oxamate where inhibition was observed for the other enzyme forms (20 mM), oxamate had no appreciable affect on the ability of the K1119Q mutant to cleave ATP. Given that the bicarbonate-dependent ATPase reaction is the first step for the overall carboxylation of pyruvate, the effect of pyruvate on the initial rates of Pi formation were determined for the wild-type enzyme, as well as the T882A and K1119Q (with 10 mM free biotin) catalyzed reactions, Figure 2 . Being the natural substrate, pyruvate stimulated the release of Pi to a greater extent than oxamate in wild-type catalyzed reaction. Similar to the effect of oxamate, substrate inhibition by pyruvate was observed at high concentrations and the Ki value for pyruvate (Ki 10.2 ± 0.1 mM) was comparable to that for oxamate under similar conditions, Table 6 . Pyruvate also inhibited the T882A catalyzed bicarbonate-dependent ATPase reaction in a manner similar to the partial inhibition by oxamate, Table 7 . In fact, kinetic parameters in the presence of either inhibitor were nearly identical, with the apparent dissociation constant for pyruvate equal to 0.8 ± 0.1 mM. Pyruvate also had no effect on the initial rate of ADP formation for the K1119Q mutant in the presence of 10 mM free biotin. 
Discussion
Interpretation of previous mutagenic studies of residues residing in the CT domain of PC were hampered by a lack of sufficient crystal structure data and most residues targeted for mutagenesis were selected based on sequence conservation with the homologous 5S subunit of transcarboxylase. 10 However, structural descriptions of the RePC holoenzyme, 4 the Staphylococcus aureus PC holoenzyme 12 and permission has been granted for this version to appear in e-Publications@Marquette. American Chemical Society does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from American Chemical Society.
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the CT domain of human PC 12 have revealed several previously unrecognized residues ideally positioned in the CT domain active site to participate in biotin enolate stabilization and to facilitate both proton and carboxyl transfer. The kinetic data obtained from the focused mutagenic study of this current work allows for a more accurate description of the carboxyl transfer mechanism in the CT domain of RePC.
Possible catalytic relevance for a highly conserved carbamylated Lysine-Lys718
The crystal structure of 5S-pyruvate transcarboxylase complex revealed the presence of a highly conserved carbamylated Lysine positioned near the cationic metal center. 10 The equivalent Lys718 was also carbamylated in the RePC and hPC structure and coordinated the cationic metal center in the CT domain active site. 4, 12 Mutations of the corresponding Lysine in B. thermodenitrificans PC resulted in significant, but not complete, reductions in the catalytic activity for pyruvate carboxylation.
11 Similar effects were observed in the specific activities for the K718Q mutant form of RePC, which retained only 3% of pyruvate carboxylating ability and 14% of decarboxylating ability as compared to wild-type RePC activities. These kinetic studies indicate that, while important, Lys718 is not absolutely essential to catalysis. Previously, Lys718 was proposed to be significant for inducing the decarboxylation of biotin through interactions of the ɛ-NH3
+ with the ureido oxygen of biotin 11 but structural data from RePC 4 and hPC 12 position Lys718 greater than 7 Å away from the N1-position of biotin. Furthermore, inhibition of the K718Q specific activities for the ADP phosphorylation and HCO3-dependent ATPase reactions by oxamate is akin to that observed for the T882A mutant, suggesting that the K718Q mutation had a greater effect on the enzyme's ability to facilitate carboxyl transfer than it did on the enzyme's ability to stabilize the biotin enolate intermediate. While coordination to the metal center in the several available structures 4,10,12 suggests one possible role for Lys718 is to position the requisite metal ion in the CT domain, it is interesting to note that in crystal structures of hPC and the homologous 5S transcarboxylase containing pyruvate 10, 12 in the active site the lysine is carbamylated, while it is not carbamylated in 5S transcarboxylase structure containing oxaloacetate. 10 Although the carbamylated Lys718 in RePC may be an artifact of the crystallization conditions or may simply be involved in the coordination and stabilization of the metal center in the active site, it is also possible to envision a mechanism where CO2 combines with Lys718 during the proton transfer between pyruvate and biotin as a way to prevent diffusion from the active site.
Stabilization of the biotin enolate intermediate-Gln844 and Ser885
The initial decarboxylation of carboxybiotin in the CT domain is proposed to generate a biotin enolate intermediate prior to protonation. 2, 5 Gln844, Ser885 and the α-NH3 of Lys886 comprise a highly conserved triad of residues positioned to facilitate this decarboxylation by promoting the formation of the anionic intermediate. 12 The developing negative charge at the ureido oxygen would be best stabilized via the formation of hydrogen-bonds at tetrahedral angles with this triad of residues and the ureido oxygen, Figure 3 . The effect of the Q884L/S885A double mutation is most apparent in the specific activities determined for the oxamate-induced decarboxylation of oxaloacetate, where carboxybiotin decarboxylation is proposed to be partially rate limiting. 6, 8 Mutations of residues responsible for assisting in carboxybiotin decarboxylation would be expected to impede the partial reverse reaction by reducing the enzyme's ability to stabilize the transition state. Indeed, these mutations result in a 20-fold decrease in oxaloacetate decarboxylating ability. The stimulation of the specific activities of the ADP phosphorylation and bicarbonate-dependent ATPase reaction in the presence of 20 mM oxamate further suggests that these residues play a key role in biotin stabilization and binding rather than being directly involved in the carboxyl/proton transfer. 
Subunit communication mediated by the covalently attached biotin-Lys1119
Given that the tethered biotin moiety acts as the mobile carboxyl carrier between the BC and CT domains of two adjacent subunits, it was no surprise that the K1119Q mutation completely abolished catalytic activity in the CT domain and significantly retarded the rates of reactions occurring in the BC domain. Comparable to effects observed for the K1112A mutant of B. thermodenitrificans PC, 18 the presence of 10 mM free biotin nearly restored the catalytic activity of the K1119Q mutant for MgADP phosphorylation with carbamoyl phosphate and the bicarbonate-dependent ATPase reaction to that observed in wild-type RePC. The stimulation of the BC domain reactions by free biotin, which has been reported for PC 16, 22 and acetylCoA carboxylase, 23 could be due in part to conformational changes induced by the presence of biotin. Interestingly, the presence of pyruvate and oxamate had no effect on the rates of the K1119Q catalyzed phosphorylation of MgADP and cleavage of ATP, Figure 1 and Figure 2 . This is in stark contrast to the effects pyruvate and oxamate on both the T882A mutant and wild-type RePC, which exhibited a partial inhibitory and stimulatory affect on the rates of the BC domain reactions, respectively. This, coupled with the observation that the mutations of the CT domain have an effect on the specific activities for reactions of the BC domains in the biotinylated enzymes, strongly suggests that the BCCP domain-tethered biotin of RePC is responsible for coordinating catalysis between the BC and CT domains on two opposing polypeptide chains. This intersubunit coordination is most likely mediated through the occupancy of the catalytic domains by the tethered biotin.
More intriguing is the lack of catalytic activity in the CT domain for the K1119Q mutant, even in the presence of 10-20 mM of free accessed by following the link in the citation at the bottom of the page. 
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biotin. The SaPC structure revealed several hydrogen bonding interactions between the BCCP domain and the funnel leading to the CT domain active site which appear to facilitate the placement of the tethered biotin in a catalytically productive conformation. 12 While these interactions may aid the binding and positioning of the BCCP domain, they may also hinder the movement of free biotin into the CT domain, resulting in the lack of carboxylating and decarboxylating activities observed for the non-biotinylated apoenzymes of RePC and PC from B. thermodenitrificans. 18 
Proton shuttling between pyruvate and biotin-Thr882
One of the most surprising revelations of the SaPC and hPC crystal structures was the location of a strictly conserved Threonine (Thr882) residue situated directly between biotin and pyruvate in the CT active site. 12 Interacting with the N1-position of the tethered biotin and only 4 Å from the methyl group of pyruvate, Figure 3 , the positioning of this crucial residue strongly suggests a carboxyl transfer mechanism where proton shuttling from pyruvate to biotin occurs through hydrogen-bonding interactions with Thr882, Scheme 2. The complete abolition of carboxylating and decarboxylating activities and retention of ADP phosphorylation and ATP cleavage activities with the T882A mutant is some of the most compelling evidence supporting the proposed mechanism. It stands to reason from the crystal structures of SaPC and hPC 12 that the hydrogen-bonding interactions between the hydroxyl group of Thr882 and the N1-position of the tethered biotin in wild-type RePC may aid in establishing an equilibrium between the occupancy of the BC and CT domains by biotin, even in the absence of CT domain substrates. Since the T882A mutant would be unable to form accessed by following the link in the citation at the bottom of the page. 
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hydrogen-bonding interactions, a resulting shift in the biotin occupancy equilibrium would favor the placement of biotin in the BC domain in the absence of CT domain substrates. The increased concentration of biotin in the BC domain would explain the astonishing increase in activity for the T882A catalyzed phosphorylation of MgADP with carbamoyl phosphate and bicarbonate-dependent ATPase reactions. Moreover, the T882A mutant, which exhibited a 7-fold rate increase, as compared to the wild-type enzyme, showed an even greater 10-13 fold increase in specific activities with the addition of 5-10 mM of free biotin for the ADP phosphorylation reaction, further suggesting that the presence of biotin has a marked effect on the rate of the T882A catalyzed reactions of the BC domain.
Further evidence that the Thr882 residue is essential for the proton transfer in the CT domain mechanism is discerned from the partial inhibition of the T882A catalyzed bicarbonate-dependent ATPase reaction by oxamate and pyruvate in the presence of acetylCoA, Figure 1 and Figure 2 . Both oxamate and pyruvate trigger the translocation of carboxybiotin from the BC domain to the CT domain, shifting the equilibrium to favor the placement of biotin in the CT domain. 24 When the CT domain is functioning properly, carboxyl transfer and the subsequent release of products allows for the return of the tethered biotin to the BC domain. Since the T882A mutant does not facilitate the proton transfer from pyruvate, the formation and release of the carboxylated products is prevented and the tethered biotin remains in the CT domain. In fact, the initial rates of Pi formation of the T882A catalyzed ATP cleavage in the presence of oxamate and pyruvate are comparable to, and in some cases less than, the rates of the non-biotinylated K1119Q mutant, suggesting that at high concentrations of the CT domain substrates there is a complete removal of biotin from the BC domain active sites. Complete inhibition is not observed in the T882A catalyzed ATP cleavage since the reaction can occur in the absence of biotin, albeit at a much slower rate. 2, 16, 22 Together, the partial inhibition of the ATP cleavage in the presence of CT domain substrates and rate acceleration in the absence of pyruvate and oxamate for the T882A catalyzed reactions is additional evidence supporting the vital role of Thr882 in the proposed proton transfer mechanism. accessed by following the link in the citation at the bottom of the page. 
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The decreased activities for the carboxylation and decarboxylation reactions catalyzed by the T882S and T882C mutants also gives credence to the role of the Thr882 residue in the carboxyl transferase mechanism. While these mutations have not completely disrupted the enzyme's ability to facilitate proton transfer from pyruvate to biotin, the specific activities indicate that the CT domain is not fully functioning. Geometry differences in the conservative T882S mutation could explain the observed decrease in the CT domain activity, Table 2 and Table 3 . The pKa of the thiol group (∼6-9) in the T882C mutant is significantly lower than that of the hydroxyl group of Serine (∼10) or Threonine (∼13), leading to a decreased ability in generating the enolpyruvate intermediate. The weak general acid/base character of Cysteine 25 still allows for the T882C mutant to retain catalytic activity for reactions involving the CT domain, albeit at a consistently lower rate than the T882S mutant.
In summary, the overall proposed reaction mechanism, Scheme 2, is initiated by decarboxylation of carboxybiotin, facilitated by the stabilization of the anionic enol intermediate through hydrogenbonding interactions at the ureido oxygen with Gln844, Ser885, and the backbone amide of Lys866, while the crucial Thr882, initially acting as a general acid in the active site, protonates biotin at the N1-position. An out-of-plane distortion of the carboxyl group of carboxybiotin may further assist the decarboxylation. The coordination of pyruvate to a Lewis acid metal center aids in increasing the acidity of the protons of the methyl group, allowing for Thr882 to act as the general base responsible for abstracting a proton from pyruvate to generate the enol-pyruvate intermediate. In this way, Thr882 acts as both the required active site general acid and base, 5 shuttling a proton from pyruvate to biotin prior to pyruvate carboxylation. The proton shift may in fact be concerted, so that an unstable Threonine alkoxide intermediate is avoided. pH profiles for the oxaloacetate decarboxylation, in the presence and absence of oxamate, catalyzed by chicken liver pyruvate carboxylase 8 suggest that the pKa of the residue involved in general acid/base catalysis lies outside the pH range examined (5-9), further supporting the role of Thr882 (pKa ∼13) in facilitating the proton transfer in the CT domain.
Several other enzymes, including cytochrome P450 26 and yeast pyruvate kinase, 27 are also thought to utilize Threonine residues for permission has been granted for this version to appear in e-Publications@Marquette. American Chemical Society does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from American Chemical Society. Table S1 . This material is available free of charge via the Internet at http://pubs.acs.org.
